Hemodilution induces an increase in cerebral blood flow (CBF) as verified in experimental stud ies (Hudak et aI., 1986; von Kummer et aI., 1988; Todd et aI., 1992) and clinical studies (Paulson et aI., 1973; Hartmann et aI., 1989) . Which mecha nism(s) mediate this increase in CBF is debated (Kee and Wood, 1984; Harrison, 1989) . One hy pothesis claims a decrease in whole-blood viscosity to be the cause; the lowered viscosity is the conse quence of a lowered hematocrit after hemodilution.
not different between the UPBHB and the UPBHB-PVP groups. In particular, arterial oxygen content was similar in both groups. Compared with a control group without blood exchange, LCBF was increased after blood ex change in the different brain structures by 60-102% (UPBHB group) and by 33-101% (UPBHB-PVP group). Mean CBF was increased by 77% in the UPBHB group and by 69% in the UPBHB-PVP group. No significant differences were observed in the values of LCBF or mean CBF between the UPBHB group and the UPBHB-PVP group. The results show that a fourfold variation in the viscosity of a Newtonian blood substitute does not result in differences in CBF values. It is concluded that blood viscosity is less important to CBF than hitherto postu lated. Key Words: Hemodilution-Viscosity-Cerebral blood flow-Blood substitutes-Autoradiography Newtonian fluid.
Another hypothesis ascribes the increase in CBF to a reduction in arterial oxygen content (Cao2); the increase in CBF would then result from the vasodi lation necessary to maintain oxygen delivery to the brain. Previous hemodilution studies have yielded conflicting conclusions for two reasons: (a) during hemodilution, blood viscosity is decreased together with Cao2, which makes it difficult to differentiate between effects of viscosity and of Cao2; and.(b) the non-Newtonian behavior of blood, in combination with undefined shear rates in the circulation, makes it impossible to extrapolate from viscosimetric data of blood obtained in vitro to the cerebral microcir culation in vivo.
The present study was designed to circumvent these problems. Blood was replaced in conscious rats by a recently developed ultrapurified, polymer-ized, bovine hemoglobin solution (UPBHB) that en ables experimental animals to survive in the ab sence of erythrocytes (Vlahakes et aI., 1990) . For comparison, the viscosity of UPBHB was increased by the addition of 2% polyvinylpyrrolidone (PVP).
By this approach, the problems encountered in pre vious hemodilution studies could be circumvented in �wo ways: (a) the oxygen content of the blood substitutes (UPBHB and UPBHB-PVP) is identical regardless of their high or low viscosity; and (b) the Newtonian properties of the blood substitutes allow the exact definition of the viscosity of UPBHB and UPBHB-PVP in the whole circulation. Differences in CBF values of the blood-exchanged groups should therefore depend mainly on differences in viscosity.
MATERIALS AND METHODS

Animals
The experiments were perlormed on 18 male Sprague Dawley rats weighing 312-436 g (Zentralinstitut fUr Ver suchstierzucht, Hannover, Germany). They were main tained under temperature-controlled environmental con ditions on a 14: 10 light/dark cycle. The animals were fed a standard diet (Altromin C 1000, Lage, Germany) and allowed free access to food and water ad libitum until starting the experiments.
Surgical procedure
The rats were placed into a small box and anesthetized by inhalation of a gas mixture of halothane (1-2%), N20 (60-70%), and O2 (remainder). Anesthesia was main tained during surgery by inhalation of the gas mixture via a nose cone. Body temperature was held at 37-37,SDC by a temperature-controlled heating pad. Polyethylene cath eters (PE-50, Labokion, Sinsheim, Germany) were in serted into the right femoral artery and vein. For the mea surement of cardiac output by means of the thermodilu tion method, a thermistor catheter (PE-lO, Labokion, Sinsheim, Germany) was placed in the descending aorta via the left femoral artery. After surgery, the animals were placed in a rat restrainer (Braintree Scientific, Braintree, MA, U.S.A.), and 45 min were allowed for recovery from anesthesia before the exchange transfusion was started. Blood pressure was monitored continuously by a quartz pressure transducer (Hewlett-Packard, Palo Alto, CA, U.S.A.).
Experimental procedure
The UPBHB solution was obtained from B. Braun Mel sungen (Melsungen, Germany), and 2% PVP mw 750,000 (Serva, Heidelberg, Germany) was added to the solution to achieve a higher viscosity in one group of rats. The characteristics of UPBHB and UPBHB-PVP are summa rized in Table 1 . Blood was exchanged for UPBHB in six rats and for UPBHB-PVP in another six rats; an addi tional six rats that did not undergo exchange transfusion served as controls. The blood substitutes (UPBHB and UPBHB-PVP) were warmed to 37"C in a water bath be fore administration. Blood exchange was perlormed by controlled arterial bleeding (1 mllmin) via the femoral ar terial catheter. The withdrawn blood was replaced simul taneously by infusion of UPBHB or UPBHB-PVP in equal amounts via the femoral venous catheter. The ex- change of blood was continued until a final hematocrit of <3% was achieved. The animals remained in the rat re strainers for 30 min after completion of the blood ex change, then iodoe4C)antipyrine was infused to deter mine local CBF (LCBF). Physiological variables were measured after recovery from anesthesia and 30 min after completion of the blood exchange, i.e., immediately be fore the infusion of the radioactive tracer (Table 2 ). De tails of the methods used have been described elsewhere (Waschke et aI., 1993) . Total Ca02 was measured by an oxygen-specific fuel cell (Lex-02-Con K, Lexington In struments, Waltham, MA, U.S.A.). Plasma and blood substitute osmolalities were measured by a vapor pres sure osmometer (5500 Vapor Pressure Osmometer, Wes cor Inc., Logan, UT, U.S.A.). Oncotic pressures of whole blood, UPBHB, and UPBHB-PVP were deter mined by use of a colloidosmometer with a 20-kD mem brane (Onkometer BMT 921, Dr. Karl Thomae GmbH, Biberach, Germany). Whole-blood viscosity and viscos ity of UPBHB and UPBHB-PVP were measured at 37°C in a coaxial cylinder viscometer (model LS 30, Contra ves, Zurich, Switzerland) and in a cone-plate viscometer (model DV-II, Wells-Brookfield, MA, U.S.A.). The sam ples were subjected to shear rates ranging from 0.2 to 450/s.
Measurement of LCBF
LCBF was measured according to the method of Sakurada et al. (1978) . The brain-blood partition coeffi cient for iodoe4C)antipyrine was determined as recently described (Waschke et aI., 1993) , and it was found to be 0.89 ± 0.01 in the control group, 1.11 ± 0.01 in the UPBHB group, and 1.12 ± 0.02 in the UPBHB-PVP group. Therefore, values of 0.9 and 1.1 were used for the final computation of LCBF in controls and blood exchanged animals, respectively. Mean CBF was deter mined as the arithmetic average of the LCBF values ob tained from the 34 brain structures analyzed.
Statistical evaluation
Statistical differences were evaluated by analysis of variance and by paired and unpaired t tests. Bonferroni correction for multiple comparisons was used when ap propriate.
RESULTS
All animals survived the blood exchange. After blood replacement with UPBHB or UPBHB-PVP, no signs of discomfort, stress, or adverse reactions were observed in the experimental animals. Viscosimetric data Figure 1 summarizes the viscosimetric measure ments of whole-blood samples taken before and af ter blood replacement with UPBHB or UPBHB PVP. Before blood replacement (after recovery from anesthesia and with physiological hemato crits), whole-blood viscosity was dependent on shear rate and did not differ significantly between the two groups. After almost-total blood replace ment (hematocrit, <3%) whole-blood viscosity was found to be shear-rate-independent. The UPBHB PVP solution, which contained 2% PVP, yielded a fourfold higher value of whole-blood viscosity 30 min after blood exchange and immediately before infusion of iodoe4C)antipyrine. This difference in viscosity in the UPBHB and UPBHB-PVP groups after blood exchange was significant (p < 0.0 1). 
Physiological variables
DISCUSSION
The present study shows that a marked and de fined change in blood viscosity with an unchanged arterial oxygen content does not alter CBF. J Cereb Blood Flow Metab, Vol. 14, No. 5, 1994 199 1; Strand, 1992) . The improved neurological out come of patients with cerebral ischemia after he modilution has been ascribed to a lowered blood viscosity, which results in an increase in CBF (Gottstein et a!., 1972; Goslinga et a!., 1992) . But it is still a matter of discussion whether the increase in CBF observed after hemodilution is caused primar ily by a decrease in blood viscosity (Muizelaar et a!., 1986 (Muizelaar et a!., , 1992 Massik et a!., 1987; Hum et a!., 1993) or by reduced oxygen supply to the brain (J ones et a!., 198 1; Brown and Marshall, 1985) ; these effects cannot be separated when hemodilu tion is performed with non-oxygen-carrying blood substitutes. In addition, viscosimetric data obtained from normal blood under in vitro conditions may not be applicable to the cerebral microcirculation in vivo; since blood viscosity in the microcirculation is lower than in the general circulation (Fahneus and Lindqvist, 193 1) due to the non-Newtonian behav ior of blood (Gaehtgens and Marx, 1987) , it appears to be inappropriate to define blood viscosity in the microcirculation from viscosimetric measurements of blood samples. These obstacles have been over-come in the present study by using a blood substi tute with a shear-rate-independent viscosity (Table  1) . The high degree of agreement between the mean CBF values in the UPBHB and UPBHB-PVP groups (Fig. 2) indicates a lack of influence of blood viscosity on CBF. Effects of variations of Cao2 on CBF can be ruled out in the present study because Cao2 was not significantly different in the two blood-substitute groups. Compared with values in a control group without blood exchange, marked in creases in mean CBF were measured after blood replacement with UPBHB (77%) and UPBHB-PVP (69%) in the present study. The increase in CBF observed in both experimental groups indicates a vascular adjustment that compensates for the re duction of Cao2 after blood replacement ( Fig. 2 and Table 2 ). The fact that changes in blood viscosity did not result in changes in CBF in the present study does not mean that viscosity has no effect on hemody namics. In principle, higher blood viscosities should decrease blood flow, and vice versa. Studies inves tigating the influence of viscosity on regional blood flow have reported substantial differences in single organs. Chen et al. (1989) observed no influence on regional blood flow in the brain and the heart of blood viscosity increased by dextran, whereas they found decreases in the flow in the spleen and the small intestine of anesthetized dogs. Chen et al. as cribed these differences to the varying vasomotor reactions of the different organs, and their findings are congruent with those of Fan et ai. (1980) who found the same regional vascular-reaction patterns after hematocrit-induced hyperviscosity in anesthe tized dogs.
Vasomotor reactions have been observed directly in the brain after hemodilution. Pial arteries (Hudak et aI., 1989) and the basilar artery (Muizelaar et aI., 1992) were found to constrict after hemodilution. Concerning the present study, vascular regulatory mechanisms are likely to exist since different vis cosities had no effect on CBF. However, the vas cular mechanism that compensates for the changes in viscosity was not investigated in the present ex periments.
Addition of PVP to the hemoglobin-based oxy gen-carrier UPBHB induced an increase of the in travascular oncotic pressure. It might be argued that this increase caused cellular dehydration and alterations of vascular reactivity, in which case a considerable fluid shift into the intravascular com partment would become visible in the cardiac in dex, hematocrit, and hemoglobin content. How ever, the unchanged cardiac index after blood re placement with UPBHB-PVP and the apparent vasomotor compensation for the viscous load indi cate minor fluid shifts and a preserved vascular reg ulatory capacity.
Clinical studies have indicated the effects of blood viscosity on CBF. It is well-known that poly cythemia (Nelson and Fazekas, 1956 ) and parapro teinemia (Humphrey et aI., 1980) are associated with low CBF. However, the results of the thera pies chosen are conflicting. Brown and Marshall (1985) reported no viscosity-caused changes in CBF, whereas CBF showed a tight correlation with Cao2• On the other hand, Humphrey et ai. (1979) demonstrated an inverse relationship between CBF and blood viscosity. Clinical studies can only dem onstrate correlations or missing correlations, and the applicability of viscosimetric measurements ob tained from blood of patients to the cerebral micro circulation is limited. The present study has over come these problems by using a Newtonian blood substitute. The conclusion appears justified that ef fects of viscosity on the cerebral microcirculation are counteracted by vascular adjustments that keep the CBF unchanged as long as the oxygen delivery is not compromized.
In conclusion, the present study demonstrates that replacing blood with a Newtonian fluid and varying the viscosity of this fluid by a factor of four does not result in an altered CBF. In this model of conscious rats, whole-blood viscosity does not ap pear to be a major determinant of CBF.
